Non-small cell lung cancer (NSCLC) is the leading cause of cancer-deaths in the United States and worldwide. 1, 2 The majority (85%) of diagnosed NSCLC cases are attributed to cigarette smoking (tobacco carcinogen exposure). 3, 4 Lung adenocarcinoma (LUAD) represents the most commonly diagnosed histological subtype of NSCLC in former or current smokers. 3, 4 While smoking cessation has been shown to reduce the risk of developing LUAD, this risk does not return to a baseline level for former smokers. 5, 6 Various mutational profiling studies have revealed disparate molecular subtypes of LUAD [7] [8] [9] [10] that are closely associated with tobacco consumption history. While somatic activating mutations in the epidermal growth factor receptor (EGFR) oncogene are prevalent in LUADs that develop in non-smokers, mutations in the kirsten rat sarcoma oncogene (KRAS) are prevalent in smoker LUADs. 3, [7] [8] [9] [10] [11] Particular molecular subtypes of LUAD (e.g. KRAS mutant LUADs) display dismal clinical outcomes and are resistant to various forms of targeted therapies 12, 13 thus warranting the need for new strategies for early treatment of this malignancy. Earlier studies have underscored restricted patterns of gene expression in lung epithelial and malignant cells. 4 For instance, the embryonic stem cell transcription factor, srybox 2 (SOX2) is preferentially found in the conducting airway epithelia, 14 the presumed cell-of-origin of squamous NSCLCs. 15 SOX2 promotes growth of squamous NSCLC cells and has been shown to be specifically up-regulated in squamous NSCLC. 14, 16, 17 The transcription factor NK2 homeobox 1 (NKX2-1 also known as TITF-1) is prevalent in peripheral lung cells (alveolar cells), 18 the presumed anatomical origin of LUADs. 15 NKX2-1 was demonstrated to be preferentially gained in a significant fraction of LUADs but not in squamous NSCLCs, 7, 19 and to function as a lineage-specific oncogene in LUADs. 20 The retinoid-inducible G-protein coupled receptor, Gprc5a, was shown to be preferentially expressed in fetal and adult normal lung. 21 Mice with knockout of both alleles of Gprc5a (Gprc5a -/-) in the presence or absence of mild exposure (single dose) to the nicotine-specific nitrosamine ketone (NNK) tobacco carcinogen, and in sharp contrast to similarly treated wild type (WT) littermates, develop latent LUADs. 22, 23 While these earlier reports suggest that
Gprc5a may function as a lung lineage-specific tumor suppressor, the molecular pathogenesis of LUADs, including those linked to smoking, following Gprc5a knockout remains elusive. Our present study was aimed at furthering our understanding of the impact of Gprc5a expression on LUAD pathogenesis. We demonstrate that human GPRC5A is largely preferentially expressed in normal lung epithelia relative to other normal tissues, is down-regulated in smoking-exposed normal-appearing airway cells and is consistently suppressed in LUADs. Following in vivo carcinogenesis analyses, we find that chronic exposure of Gprc5a -/-mice to NNK, in contrast to saline-treated mice with latent tumor development, results in accelerated malignant adenocarcinoma onset within 6 months after exposure. Surveying genome-wide alterations in Gprc5a -/-LUADs by whole-exome sequencing, we report somatic activating mutations in the Kras oncogene in both spontaneous and NNK-associated LUADs. In contrast to spontaneous tumors, carcinogen-induced Gprc5a -/-LUADs exhibited mutations and copy number alterations in additional drivers. Our study highlights genomic aberrations in the early progression of Kras mutant LUAD following Gprc5a knockout and tobacco carcinogen exposure. These aberrations may comprise viable targets for prevention and treatment of this aggressive molecular subtype of LUAD.
Material and Methods

Chemical and reagents
The tobacco carcinogen NNK with a purity of >99% was purchased from Midwest Research Institute (The National Cancer Institute's Chemical Carcinogen Reference Standard Repository). Hematoxylin and Eosin (H&E) staining reagents were purchased from Sigma-Aldrich.
Animal housing and tobacco carcinogen experiments
We used Gprc5a knockout (Gprc5a 2/2 ) mice, which were generated as described previously. 23 The mice were maintained according to a protocol approved by the MD Anderson Cancer Center Institutional Animal Care and Use Committee at the institution's specific pathogen-free animal facility. This facility is approved by the American Association for Accreditation of Laboratory Animal Care and is operated in accordance with current regulations and standards of the US Department of Agriculture and the Department of Health and Human Services. Gprc5a -/-(2 months old) were divided into groups (per treatment and sacrifice time point) of five or six mice and were injected three times per week (for 8 weeks) intraperitoneally with 50 mg/kg of body weight NNK (150 mg/kg per week) dissolved in saline or with saline alone as control. Mice were sacrificed at every month for 7 months following NNK or saline injection. A subset of mice exposed to control saline were sacrificed at later time points (>16 months following saline) to capture late onset spontaneous lung adenocarcinomas.
Histopathological analysis of lung lesions
After sacrifice at different time points, lungs were excised and inflated by injection with formalin for lesion histopathological assessment. Lung surface lesions were assessed by macroscopic observation. Formalin-fixed lung specimens were then embedded in paraffin (FFPE). Histological sections
What's new?
The development of Kras-mutant lung adenocarcinoma (LUAD), the most common molecular subtype of lung cancer, is poorly understood. Previous research, however, implicates Gprc5a, a retinoid-inducible G-protein coupled receptor, in the emergence of late-onset LUAD. Using in vivo carcinogenesis models and whole-exome sequencing, this study shows that Gprc5a -/-mice develop spontaneous LUADs with somatic driver Kras mutations. Gprc5a -/-mice exposed to the tobacco carcinogen NNK experienced accelerated development of LUADs harboring co-occurring mutations in additional drivers that potentially cooperate with Kras to facilitate LUAD pathogenesis. These additional drivers may be viable targets for early therapeutic intervention in Kras-mutant LUAD.
(four lm) were prepared and analyzed by H&E staining using standardized criteria 24 for characterization and diagnosis of lung lesions (hyperplasias, adenomas and adenocarcinomas) by an experienced pathologist (J.F.). Lesions were enumerated from each slide/section to yield a tumor burden per lung specimen. All H&E slides were scanned by Aperio (Leica biosystems Inc.).
Immunofluorescence (IF) analysis
Lungs were injected with a mixture of 50% optimal cutting temperature (OCT) medium (Tissue-Tek) and 50% PBS. Frozen histologic sections (5 lm thick) from adult mice were fixed in ice-cold 4% buffered paraformaldehyde for 15 min. Embryos (day 16.5) from WT mice were cut and immersed in 10% buffered formalin (2 days) for subsequent IF analysis. After washing, sections were first incubated with serum-free protein block (DAKO) for 1 h. Specimens were then incubated with antibodies raised against clara cell secretory protein (Ccsp/CC10; Santa Cruz Biotechnology; 1:250) and prosurfactant protein C (Sftpc; Chemicon EMD Millipore, 1:200) overnight. After washing, specimens were incubated with FITC-labeled donkey anti-goat secondary antibody (Alexa 488) for 1.5 h in the dark followed by washing and incubation with Texas Red-labeled goat-anti-rabbit secondary antibody (Alexa 594). Slides were then incubated with ProLongV R Gold Antifade Reagent with DAPI (Cell Signaling Technology). To assess Gprc5a expression, specimens were incubated after blocking with a mixture of antibodies raised against Gprc5a (Santa Cruz Biotechnology; 1:25), Podoplanin (Pdpn; DSHB; 1:400 dilution) and Sftpc (1:10). The specimens were then washed and incubated with FITC-labeled donkey anti-goat secondary antibody (Alexa 488) and Texas Red-labeled goat anti-rabbit secondary antibody (Alexa 594) or with Texas Red-labeled donkey anti-goat secondary antibody (Alexa 594) and FITC-labeled goat anti-rabbit secondary antibody (Alexa 488) for 1.5 h in the dark. All images were captured using a BX61 immunofluorescent system (Olympus) and merged using the CytoVision workstation (Leica biosystems Inc.) at a magnification of 2003.
DNA isolation and quality control
Genomic DNA was isolated from lung lesions using 50 lm FFPE sections prepared by the Bio-bank system (Pathology Institute Corp., Toyama, Japan). Genomic DNA was isolated from all samples using the AllPrep DNA/RNA kit from Qiagen according to the manufacturer's instructions. Quality of double-stranded DNA was ascertained using the Picogreen kit according to the manufacturer's instructions.
Whole-exome sequencing (WES)
Sequencing was performed on seven LUADs from different mice (two spontaneous occurring LUADs at 16 months following saline and five LUADs at 5 to 7 months following NNK exposure; Supporting Information Table S1 ). We also sequenced three tail veins from one wild type and two
Gprc5a
-/-mice as well as Gprc5a -/-normal lung tissues at one month following saline or NNK for somatic contrasts in the manner described previously. 25 Table S1 ).
Identification of somatic variants and copy number variation
Alignment was performed according to Genome Analysis Toolkit (GATK) best practices using burrows-wheeler aligner (BWA) version 0.6.2, GATK-2.6-4, picard-1.114, and samtools-0.1.19 against the mm10 reference with realignments performed using the mouse indel reference mgp.v3.indels.rsIDdbSNPv137. Exomes were filtered against the Agilent M.musculus-SureSelect.Exon.V1.mm10.bed.intervals file corresponding to the capture technology. Somatic variation detection was performed using MuTect-1.1.7 and IndelGenotyper.36.3336 against the same references. Annotations were made using variant_tools-2.6.1, using the same references as well as the mouse snp reference mgp.v3.snps.rsIDdbSNPv137. Variants were further filtered for known variants from the database of mouse variation available at ftp-mouse.sanger.ac.uk (release 1303, mgp.v3). 25 Given the scarcity of recurrent variants in the dataset, thus preventing us from prioritizing genes by adjusting for gene expression and replication timing, 26 variants were prioritized for those that occurred in genes described by Vogelstein et al. 27 as known to contain bona fide driver mutations in cancer. Mutations in Trp53 as well as in Mtus1 were also prioritized based on the report by Westcott et al. 25 Gene homology information between human and mouse genes were obtained from ftp://ftp.informatics.jax.org/pub/reports/index.html#homology. To compute copy number variations (CNVs) from the sequencing data, the control-FREEC algorithm version 7.2 was employed using run settings described previously 28 as well as Sequenza (version 0.0.3). 29 The CNVs were called through tumor-normal comparisons where each LUAD was compared to the normal lung tissues and tail veins. More details are found in the Supporting Information Methods accompanying the manuscript.
Results
Lung lineage-specific tumor suppressor expression patterns for human GPRC5A
The G-protein coupled receptor, Gprc5a, has been previously shown to be preferentially expressed in mouse fetal and adult lung. 21 Moreover, mice with knockout of both alleles of this gene (Gprc5a -/-) in the presence or absence of low-dose tobacco carcinogen (single injection of nicotine-specific nitrosamine ketone/NNK), in sharp contrast to wild-type littermates, have been demonstrated to develop late onset lung tumors, including LUADs, 22, 23 suggesting a tumor suppressor role for this gene in the lung. In the present study, we aimed to better understand the impact of Gprc5a expression on LUAD pathogenesis. We first sought to understand the expression patterns of the human counterpart of the gene (GPRC5A) in normal and malignant human lung tissues. We surveyed a publicly available dataset comprised of human normal tissues from various organs (pannormal specimens; see Supporting Information Methods). This analysis demonstrated that GPRC5A was highly expressed in lung tissues (lung, trachea, bronchus) relative to other organspecific normal tissues (Fig. 1a) . Next we probed publicly available datasets comprised of LUADs and uninvolved normal lung tissues (see Supporting Information Methods). GPRC5A levels were markedly significantly, and consistently, down-regulated in LUADs compared to normal lung tissues in all datasets tested (all p < 10
23
; Fig. 1b) . We then sought to understand the association between GPRC5A expression and LUAD histopathological subtype. Towards this, we evaluated a tissue microarray of LUADs that we previously studied for GPRC5A immunohistochemical protein expression. 38 This analysis revealed no significant differences in GPRC5A protein expression between lepidic, acinar, solid and papillary LUADs (p 5 0.29 of the Kruskal-Wallis test; Supporting Information Fig. S1 ). Next we determined to understand expression patterns of GPRC5A in early phases (e.g. "normal-appearing airway field cancerization (ref Kadara)" or "premalignant") of LUAD pathogenesis. We performed in silico analysis of a dataset we recently reported on the tumor-adjacent cancerization field in the normalappearing airway, 39 and found that GPRC5A was significantly suppressed in both LUADs and adjacent normal-appearing airway cells relative to distant normal lung (p < 10
24
; Supporting Information Fig. S2 ). These data suggest plausible airwaylineage expression patterns and properties for GPRC5A in normal and malignant lung epithelial cells.
LUAD development following tobacco carcinogen exposure in Gprc5a
-/-mice
As mentioned earlier, we found that single dose (104 mg/kg body weight) of NNK lead to development of late onset spontaneous LUADs in Gprc5a -/-mice. 22 We determined to Figure 1 . GPRC5A expression patterns in human normal and malignant lung tissues. (a) Expression levels of GPRC5A mRNA were assessed in an array set comprised of human pan-normal samples (GSE7307 from the gene expression omnibus) as described in Supporting Information Methods and in datasets consisting of human LUADs. Normal tissues were ranked (from top to bottom) by decreasing log (base 2) median-centered expression of GPRC5A. (b) GPRC5A mRNA expression was also surveyed in datasets [30] [31] [32] [33] [34] [35] [36] including a set we previously reported 37 consisting of human LUADs and uninvolved normal tissues. Boxes represent 25 to 75% expression ranges and whiskers constitute maxima and minima. Solid horizontal lines represent median GPRC5A mRNA log (base 2) expression values. p values were obtained using t-tests.
perform a relatively more chronic NNK exposure in Gprc5a -/-mice in an attempt to better emulate tobacco carcinogenassociated LUAD development. Gprc5a -/-mice were divided into groups of five to six mice (per treatment and time point) and were injected intraperitoneally three times per week (for 8 weeks) with 50 mg/kg of body weight NNK (150 mg/kg per week) dissolved in saline (0.9% NaCl) or with saline alone as control (Fig. 2a) . Mice were then sacrificed at each month for 7 months after saline or NNK treatment (Fig. 2a) . Histopathological analysis was performed at each time point to probe the development of hyperplasias, adenomas and adenocarcinomas (Supporting Information Fig. S3 ) based on previously reported criteria for classification of proliferative mouse lung lesions 24 including presence of nuclear atypia in adenocarcinoma tumors (Supporting Information Fig. S3 ). In sharp contrast to mice treated with saline, NNK-treated Gprc5a -/-mice developed LUADs as early as 3 months following NNK exposure (Fig. 2b) . Moreover, by 6 months following NNK, all (100%) Gprc5a -/-mice were found to develop LUADs. Of note, saline treated Gprc5a -/-mice did not exhibit LUADs across all time points but rather displayed lung adenomas or hyperplasias (Fig. 2b, Supporting Information Fig. S3 ). Of note, we also found significantly (p < 0.05) increased numbers of LUADs per mouse at 7 relative to 6 months following NNK treatment (Fig. 2c) . A subset of saline treated mice were followed up for extended periods and were sacrificed at the time of spontaneous/latent LUAD development (see Material and Methods). None of the mice developed locoregional or distant metastasis, an observation similar to what was previously reported for mice engineered to express mutant Kras.
40
Next we sought to understand the airway lineage cell-oforigin of LUADs in the NNK-treated Gprc5a -/-mice. We performed immunofluorescence (IF) analysis of lesions and adjacent normal bronchi probing for the expression of prototypical markers of airway lineages including surfactant protein C (Sftpc), indicative of alveolar type II (AT2) cells, and clara cell secretory protein (Ccsp/Cc10), indicative of clara/club cells. In contrast to normal bronchial regions, lung lesions were found to lack Ccsp and abundantly express Sftpc suggesting that the cells of origin for these lesions were AT2 cells (Fig. 3a) . Of note, IF analysis of normal wild-type (WT) adult (Fig. 3b) and embryonic (Supporting Information Fig. S4 ) lung tissue as well as quantitative-real time PCR of CD45-/CD31-/Epcam1 WT normal lung cells sorted based on Podoplanin (Pdpn) expression (Supporting Information Fig. S5 ) revealed that Gprc5a itself was restricted to Pdpn-expressing AT1 cells. Our findings -/-mice (see Methods). Mice were divided into groups of five to six mice (per treatment and time point) and were sacrificed at every month for 7 months following saline and NNK treatment. (b) At each of the indicated time points, mice lungs were histopathologically evaluated for the development of lesions. The lesions were pathologically categorized (hyperplasias, adenomas and adenocarcinomas) based on previously reported guidelines for murine lung lesions 24 and were then enumerated and compared and contrasted across time points and between treatment groups. (c) LUAD burdens, indicated by the number of LUADs per mouse, were statistically compared and contrasted at 6 and 7 months following NNK treatment.
demonstrate that tobacco carcinogen (NNK) exposure accelerates Gprc5a -/-LUAD development, and suggest that these lesions originate from AT2 cells.
Mutational landscape of tobacco carcinogen exposed Gprc5a -/-LUADs
We then sought to understand genome-wide alterations in the pathogenesis of the LUADs in tobacco carcinogen exposed
Gprc5a
-/-mice. Using the Illumina HiSeq 2500 platform, we performed WES of seven Gprc5a -/-LUADs; two spontaneously developing LUADs from two saline treated mice (>16 months after saline) and five tumors (from five mice) that developed 5 to 7 months after NNK treatment. In accordance with previously reported criteria on classification of proliferative mouse lung lesions, 24 all seven LUADs were confirmed to have either nuclear atypia (Supporting Information Fig. S6 ; white arrows) -/-LUADs. Two spontaneous (>16 months following saline) LUADs from two Gprc5a -/-mice as well as five LUADs that developed in different mice by 5 to 7 months following NNK treatment were analyzed by whole-exome sequencing (WES) as described in Materials and Methods. Somatic calls were contrasted against whole-exomes from three tail veins (from two Gprc5a -/-and one WT mice) and Gprc5a -/-normal lung tissues at 1 month following saline (see Methods). Single nucleotide variants (SNVs) were prioritized based on variants occurring in bona fide driver genes. 27 The top panel depicts total number of silent (syn) and non-silent (nonsyn) exonic mutations per LUAD. In the lower panel, columns represent LUADs and rows represent mutated driver genes.
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or both nuclear atypia and evidence of cellular mitosis (Supporting Information Fig. S6 ; red arrows). We then inferred somatic contrasts, in the manner described previously, 25 by also sequencing three tail veins from one WT and two Gprc5a -/-mice as well as two Gprc5a -/-normal lung tissues at one month following saline or NNK. Targeted bases were sequenced to a mean depth of 2153 (Supporting Information Table S1 ). Across samples, 99, 97 and 86% of targeted bases were sequenced to at least 103, 203 and 503 coverage, respectively (Supporting Information Table S1 ). There were no significant differences in depth of coverage or proportion of regions covered to 203 among samples (Supporting Information Table S1 ). In these seven LUADs, we identified 5,223 exonic single nucleotide variants (SNVs). Of note, LUADs that developed in NNK-exposed Gprc5a -/-mice exhibited substantially higher mutation burdens (Supporting Information Fig. S7, left) and different base substitution spectra (Supporting Information Fig. S7 , right) compared with spontaneously developing tumors, consistent with what is known about smoking-induced human LUADs. 3, 7, 8, 10 Next we sought to discern potential somatic driver mutations in the LUADs by prioritization of exonic and nonsynonymous variants. We compiled exonic nonsynonymous variants that occurred in genes described by Vogelstein et al. 27 as known to contain bona fide driver mutations in cancer (see Supporting Information Methods). We also included mutations in Trp53 as well as in Mtus1 based on the report by Westcott et al. 25 Notably, this analysis revealed that all LUADs exhibited somatic activating mutations in Kras (p.G12D or P.Q61R) (Fig. 4 , Supporting Information  Table S2 ), the same variants purported to act as drivers of human LUAD in smokers. 3, 11 We also confirmed these Kras p.G12D and p.Q61R mutations by deep (>1,0003) targeted sequencing (Ion Torrent) and digital PCR; both platforms revealed similar variant allele frequencies (VAFs) for the SNVs (Supporting Information Figs. S8A-S8D ). The NNKexposed LUADs exhibited additional driver genes that were mutated in at least one LUAD including the cell cycle kinase Atm and the epigenetic modulator and methyltransferase Kmt2d as well as the tumor suppressors Apc, Nf1 and Trp53 (Fig. 4) , of which a subset was confirmed by deep targeted sequencing (>1,0003) (Supporting Information Fig. S9 ). The spontaneous LUADs, albeit few, exhibited very few mutated driver genes besides Kras. Of note, one NNK-exposed LUAD, unlike the other four similar carcinogen derived tumors, exhibited a low somatic mutational burden concomitant with a mutation in p.Q61R (Fig. 4) . Of note, we found no significant differences in GPRC5A expression among human LUADs based on the type of KRAS codon 12 variant (Supporting Information Fig. S10A ) or between KRAS-mutant LUADs with and without TP53 mutations (Supporting Information Fig. S10B ). We next surveyed genome-wide copy number variations (CNVs) in the seven LUADs (see Material and Methods) and found disparate global CNV patterns between NNK-exposed and spontaneous Gprc5a -/-LUADs (Fig. 5) . Four out of the five NNK-exposed LUADs, which we had found to exhibit high mutational burdens and Figure 5 . Genome-wide copy number variation in spontaneous and NNK-derived Gprc5a -/-LUADs. Copy number variations (CNVs) were assessed from sequencing data and read depth using FREEC and Sequenza as described in the Supporting Information Methods. Read depth was analyzed in LUADs relative to depth in normal samples to estimate copy number in 8 kb windows followed by segmentation via a LASSO-based algorithm. Genome-wide CNAs across all LUADs were then plotted. Loss, blue; gain, red; not discernable, black. specifically a p.G12D Kras mutation, shared gains in broad regions within chromosome 6 (Fig. 5) . These shared CNVs, along with other copy number gains not found in spontaneous LUAD, included the oncogenes Kras, Met, Braf and Ezh2. Our findings highlight genomic alterations that may play crucial roles in accelerated development and progression of Kras mutant LUADs in presence of tobacco carcinogen exposure.
Discussion
In this study we sought to further understand the role of Gprc5a expression in LUAD pathogenesis. First we surveyed publicly available expression datasets and found that human GPRC5A was largely preferentially expressed in normal lung tissues relative to other organ-specific normal samples and was also consistently suppressed in LUADs. We found that Gprc5a -/-mice exposed to a relatively chronic NNK treatment regimen resulted in development of LUADs (within 5 months after exposure) as opposed to the latent development (>16 months following saline treatment) in control treated mice. Whole-exome sequencing of latent (from saline treated mice) and NNK-associated Gprc5a -/-LUADs, revealed activating somatic activating Kras mutations in all tumors. Additional (besides Kras) driver mutations and copy number alterations were also found in NNK-associated (and not in latent) Gprc5a
-/-LUADs that may underlie the observed accelerated Kras mutant LUAD development by tobacco carcinogen exposure. Our findings pinpoint genome-wide alterations that may be implicated in the progression of Kras mutant LUADs (by smoking).
The G-protein coupled receptor, Gprc5a, is a retinoidinducible gene that was shown to be specifically expressed in murine normal lung tissues. 21 Gprc5a -/-mice were demonstrated to develop late onset LUADs spontaneously, 22, 23 suggesting that Gprc5a may function as a lung lineage-specific tumor suppressor. We sought to comprehensively probe the expression patterns of the gene in human normal and malignant tissues. We found that GPRC5A was largely expressed in normal lung and airway tissues relative to other organ-specific tissues and was consistently (across all datasets examined) suppressed in LUADs. We further studied the expression of GPRC5A in a dataset that we previously reported and that constituted lung tumors and normal-appearing airway cells in the adjacent cancerization field. 39 This analysis demonstrated that GPRC5A is down-regulated in both LUADs and the surrounding normalappearing airway field of cancerization relative to distant normal lung tissues. It is worthwhile to mention that the expression patterns of GPRC5A in premalignant precursors (e.g. atypical adenomatous hyperplasia/AAH) to LUAD development is not known. Due to the paucity of profiled AAH lesions we could not probe GPRC5A expression in premalignant phases of LUAD development. Analysis of GPRC5A expression in human lesions (AAH) that are precursors to LUAD development would shed light on the implication of this gene in the early pathogenesis of human LUAD. Of note, we previously reported that GPRC5A protein was significantly down-regulated in normal-appearing airways of lung cancer-free smokers relative to phenotypically healthy smokers. 38 Our data suggest that GPRC5A exhibits an expression profile typical of an airway lineage-specific suppressor. 41 These findings suggest that Gprc5a is a plausible airway lineage-specific gene that may be suppressed in early ("normal") phases of lung oncogenesis.
The nicotine-specific nitrosamine ketone NNK is present in tobacco and found to be causally linked to lung cancer in human smokers, 42 suggesting that NNK exposure is a viable experimental method to mimic carcinogenic effects of cigarette smoking. 43, 44 We previously showed that Gprc5a -/-mice developed late onset LUADs even after a single dose of the tobacco carcinogen NNK (104 mg/kg body weight). 22 In order to emulate smoking-associated lung cancer in humans-particularly, in light of the fact that the majority of diagnosed lung cancers such as LUADs occur in lifetime smokers 3, 4 -we determined to better delineate tobacco carcinogen-mediated LUAD development in Gprc5a -/-mice, through relatively more chronic NNK exposure. Indeed, we found that this more chronic exposure (50 mg/kg per body weight three times per week for 8 weeks) markedly accelerated LUAD development. Despite the fact that the Gprc5a -/-mice are of the C57BL/6 x sv129 strain resistant to lung tumorigenesis by carcinogens such as NNK, 43, 44 all mice developed LUADs by 6 months following NNK exposure. It is reasonable to surmise that knockout of Gprc5a in the airway may render the lung more susceptible to tumorigenesis by tobacco carcinogen. It is worthwhile to mention that histopathological analysis revealed the malignant features of the LUADs exemplified by high nuclear crowding and cytological atypia 24 and demonstrated that the lesions comprised a mixed papillary/ solid histology. Of note, this histopathological pattern is commonly observed in human LUADs 45 and further augments the suggestion of this model and our findings as motivation for interrogating these molecular alterations as targets for personalized prevention. More generally, our data suggest that the tobacco carcinogen-exposed Gprc5a -/-may be a viable model to understand numerous aspects of human LUAD development in smokers.
The cell-of-origin of Kras mutant LUADs is still not well established. Studies in mice demonstrated that Kras-mutant LUADs can develop from stem cells within the bronchioalveolar junction 46 or from multiple cell lineages (Sftpcexpressing AT2 cells or Ccsp-positive clara cells). 47 In our study interrogating tobacco carcinogen-exposed Gprc5a -/-mice, we found lesions lacked Ccsp and exclusively expressed Sftpc suggesting that they developed from AT2 cells. Our observations are in accordance with recent reports interrogating in vivo the cell-of-origin of LUADs. A study by Mainardi et al. revealed that malignant adenocarcinoma only progressed from Sftpc-expressing alveolar hyperplasias in mice engineered to express mutant Kras (G12V). 48 Moreover, AT2 cells were found to act as alveolar progenitor/stem cells leading to clonal foci of lesions and, subsequently, to adenocarcinomas. 49 Interestingly, we noted in WT normal lung tissues that expression of Gprc5a protein itself was restricted to AT1 cells. These observations are in accordance with the report by Treutlein et al. 50 demonstrating, via single-cell RNA-sequencing of mouse lung tissues, that Gprc5a mRNA was highly correlated with expression of Pdpn and with dynamic generation of AT1 cells from bipotent progenitor cells (found in the supplement of the reported study). It is important to note that various injury model studies have suggested potential pathophysiological links between both alveolar cell types and self-renewal signaling cues in AT2 cells. Earlier pneumonectomy experiments demonstrated that most AT2 cells possess latent regenerative capacity. 51 Also, AT2 cell ablation was found to induce self-renewal (duplication) of remaining AT2 cells. 52 The recent report by Desai et al. further demonstrated that injury (by increased oxygen tension) to AT1 cells activated stem cell renewal properties in AT2 cells and mutations of Kras in the latter drove constitutive self-renewal and subsequent oncogenesis. 49 It is reasonable to speculate that Gprc5a knockout may induce "molecular injury" to AT1 cells resulting in self-duplication of AT2 cells which in turn is further exacerbated by tobacco carcinogen exposure (and Kras mutations). Additional studies are warranted to support this plausible supposition.
Our WES analysis demonstrated that Gprc5a -/-LUADs from NNK-treated mice overall exhibited increased total somatic mutation burdens compared to spontaneous LUADs. These data suggest that tobacco carcinogen exposure induces mutational signatures that may be involved in accelerated LUAD development. These findings are in accordance with the report by Westcott et al. demonstrating increased mutation burdens in tumors from mice exposed to various carcinogens (e.g. urethane) relative to tumors arising spontaneously from genetically engineered Kras mutant mice. 25 Notably, our WES analysis revealed that all seven Gprc5a -/-LUADs exhibited somatic activation mutations in Kras despite normal lungs from the mice being WT for the oncogene. These observed mutations (p.G12D and p.Q61R) are the same variants thought to act as drivers of human LUAD in smokers. 3 Our analysis of human LUADs (TCGA dataset) showed that there were no significant differences in GPRC5A expression based on the type of Kras codon 12 variant (i.e., p.G12A/C/D/V). It cannot be neglected that it is difficult to determine the natural order and causal relationship between GPRC5A suppression and KRAS (p.G12D) mutation in human LUADs that had already developed. Of note, one NNK-exposed LUAD, unlike the other four similar carcinogen derived tumors, exhibited a low somatic mutational burden concomitant with a mutation in p.Q61R. It is reasonable to speculate that different Kras variants may be implicated in disparate levels of mutational heterogeneity, a supposition that indeed has been previously interrogated. 25 Further analysis in our study revealed additional (besides Kras) mutated driver 27 genes in Gprc5a -/-LUADs from NNK-treated mice and in at least one of these LUADs. In contrast very few, if any, additional driver genes were mutated in the two spontaneous (from saline treated mice) LUADs. It cannot be neglected that we studied very few spontaneous/latent Gprc5a -/-LUADs, largely due to the long latency of these lesions. Yet, our data in the Gprc5a -/-carcinogen-exposed mouse are in line with previous reports surveying genomes of human smoker LUADs and underscoring the causal link of tobacco carcinogen exposure to increased mutational heterogeneity. 25, 26 Our whole-exome sequencing analysis revealed additional co-occurring mutated driver genes in the tobacco carcinogenexposed LUADs, such as Trp53, Kmt2d, Nf1 and Kmt2c. We also noted amplification of the Ezh2 oncogene in the LUADs. Our findings in the tobacco carcinogen-exposed Gprc5a-knockout mouse are in close concordance with previously reported alterations in human LUADs. In agreement with previous studies of human Kras mutant LUAD, 53 it is also plausible that the mutated (e.g. Trp53 and Mll2/Kmt2d) and copy number altered (e.g. Ezh2 gain) driver genes that we accentuate here may cooperate with Kras to accelerate LUAD development in the tobacco carcinogen-exposed Gprc5a -/-mouse. Nonetheless, particularly in light of the fact that therapies targeting Kras have been challenging, 13 the co-occurring mutations and CNVs described here may constitute viable targets for early treatment and prevention of Kras mutant LUAD. It is noteworthy, that we found various co-occurring mutated or copy number altered genes that are epigenetic regulators (e.g. Kmt2d, Kmt2c and Ezh2) suggesting that epigenetic deregulation may be an important mechanism in development and progression of smokeassociated Kras mutant LUAD. It is plausible that drugs that reprogram the epigenome (e.g. histone deacetylase and DNA methyltransferase inhibitors) may be viable agents, alone or in combination, for (chemo)prevention of this malignancy.
In conclusion, we demonstrate that GPRC5A is predominantly expressed in the human lung and is commonly suppressed in human LUADs. We find that relatively chronic NNK tobacco carcinogen treatment accelerates LUAD development in Gprc5a -/-mice that otherwise develop late onset spontaneous tumors. Following WES analysis, we report that Gprc5a -/-LUADs display activating mutations in the Kras oncogene. Our sequencing analysis also underscores cooccurring mutations and CNVs in additional driver genes that may cooperate with Kras in LUAD pathogenesis. Lastly, our findings insinuate that the tobacco carcinogen exposed Gprc5a -/-model recapitulates carcinogen-induced Kras mutant LUAD; this offers a unique opportunity to map the temporal evolution of this malignancy.
